Abstract -Synthetic A-type carbonated apatite prepared in controlled conditions was irradiated at room temperature with 60 Co gamma rays. The ESR spectrum was associated to axial CO 2 Ϫ and orthorhombic CO 3 Ϫ species. Radicals used as dose markers in biological apatites are long-lived paramagnetic species. The stability of the post-irradiation signal of A-type apatite was investigated for almost 2 years. Measurements showed variations in the spectra attributed to unstable CO 3 Ϫ species, which can be eliminated by thermal treatments at 100ºC for 24 h. Results indicated the potential use of an A-type carbonated apatite as a dosemeter.
INTRODUCTION
Applications of electron spin resonance (ESR) spectroscopy to dosimetry have been expanded in recent years. The method is based on measurements of radical concentration produced by ionising radiation in the materials' structures. Hydroxyapatite, the mineral component of calcified tissues, is the most important material for retrospective and accident dosimetry, identification of irradiated meat containing bones, and archeological dating (1) (2) (3) (4) (5) . In biological apatite, marker centres are long-lived CO 2 Ϫ radicals produced from CO 3 2Ϫ impurities that substitute PO 4 3Ϫ groups (B-type carbonated apatite) and/or OH Ϫ groups (A-type carbonated apatite) in the hydroxyapatite lattice (6) . Other species such as CO 3 3Ϫ , CO 3 
Ϫ

, CO
Ϫ and O Ϫ were also identified in the ESR spectra of irradiated biological and synthetic apatites (7, 8) . Numerous investigations have been reported about the nature of species induced by radiation, in the ESR spectra of synthetic apatites, but few efforts have been made to investigate the dosimetric potential of synthetic apatites. This paper describes the results of studies on the postirradiation signal of synthetic A-type carbonated apatite for dosimetric purposes. The stability of the ESR spectrum and its applicability to dosimetry are discussed.
MATERIALS AND METHODS
Sample preparation and characterisation
Synthetic apatites were prepared by precipitation
Contact author E-mail: lianaȰird.gov.br from 0.5 M solution of Ca(NO 3 ) 2 4H 2 O and 0.3 M solution of (NH 4 )HPO 4 at 80ºC. The precipitate was dried at 100ºC for 24 h. A-type carbonated apatite, Ca 10 (PO 4 ) 6 (CO 3 ) x (OH) 2(1-x) , was obtained by heating hydroxyapatite in ultra-dry CO 2 flux at a temperature of 900ºC, as described by Bonel (9) . The samples had been characterised by X ray diffraction and infrared spectroscopy. Structural unit cell refinements (a ϭ b ϭ 9.4744; c ϭ 6.8760) showed the expansion of the parameter a and contraction of the parameter c with respect the hydroxyapatite structure, which indicated the attribution of A-type carbonated apatite. Infrared absorptions at 1534 cm Ϫ1 and 1465 cm Ϫ1 confirmed that CO 3 groups occupied the OH Ϫ sites. A multiphase carbon analyser with an RC-412 Leco infrared detector was used to determine the carbonate ion concentration in the material (10) . The sample stoichiometry was obtained by induced couple plasma (ICP). The value of the Ca/P molar ratio in the material used was 1.68. Thermal desorption spectroscopy (TPD) showed that the CO 3 decomposition begins at temperatures above 800ºC and reaches the maximum at about 930ºC, suggesting the stability of the carbonate groups in the structure. The synthesis parameters have already been studied to obtain the material optimisation to absorbed dose.
ESR measurements
The irradiated carbonated apatite samples were measured at room temperature in a Bruker ESP300E spectrometer operating at X-band (9.7 GHz) and Qband (34.2 GHz).
All X-band measurements (rectangular 9401st model cavity) were carried out with powdered samples of the same mass (50 mg) in quartz tubes of 2.8 mm diameter, which were placed exactly in the same position on the centre of the ESR cavity. It was observed that the equipment need to warm up for at least 30 min in order to stabilise. Therefore, measurements were not made until at least 1 h after switching on the spectrometer. Fossil enamel powder (about 3 ϫ 10 6 years) was used as a secondary standard sample in order to reduce the error due to small differences in measuring conditions during the experiment. The mean lives of the marker centres produced by irradiation in hydroxyapatite of enamel may reach 10 7 years (11) . X-band spectra were recorded at a microwave power of 50 mW, a modulation frequency of 100 kHz, a modulation amplitude of 0.15 mT and a time constant of 41 ms. The magnetic field modulation amplitude was selected smaller than that of the line width (0.3 mT) used as an indicator dose. ESR spectra were obtained with at least 20 scans.
Q-band measurements (9305qt model cavity) were performed in order to get qualitative analysis under the following conditions: 10 mW microwave power; 0.1 mT modulation amplitude and 41 ms time constant.
Irradiations
For stability studies of the A-type carbonated apatite ESR spectra a 60 Co Gammacel irradiator from Nordion was used, with the dose rate being determined by alanine/ESR dosimetry. The absorbed dose rate was about 120 Gy.min Ϫ1 . Irradiations were carried out at room temperature (25ºC). The alanine calibration was traceable to the secondary standards of the Laboratory for Metrology of Ionizing Radiation/IRD/CNEN.
RESULTS AND DISCUSSION
The X-band ESR spectrum of irradiated A-type carbonated apatite presents lines associated with CO 2 Ϫ species with axial symmetry at g ϭ g Ќ ϭ 2.0028 and g ϭ g ϭ 1.9973, which saturate at microwave power of 100 mW, as shown in Figure 1 . The peak-to-peak amplitude of the CO 2 Ϫ line at g ϭ g Ќ was used as a relative measure for the absorbed dose in synthetic material as in biological apatite. This signal saturates to doses higher than 3 kGy (10) . Otherwise, measurements were carried out up to few minutes after irradiation showed a stronger contribution of the other lines at g ϭ 2.0090 and g ϭ 2.0041, which saturate at a microwave power of 20 mW, as exhibited in Figure 2(a) . The Q-band spectrum (Figure 2(b) ) revealed that these lines probably belongs to the orthorhombic CO 3 Ϫ species (g 1 ϭ 2.0170, g 2 ϭ 2.0090 and g 3 ϭ 2.0041), which have been identified by Callens et al (7) . In order to verify the stability of the post-irradiation signal of A-type carbonated apatite, the samples were stored in liquid nitrogen immediately after irradiation (40 Gy) until the initial measurement. Following this, the ESR spectrum of the samples stored at room temperature has been frequently recorded for about 18 months. These spectra showed that the CO 2 Ϫ signal amplitude increases during the first 400 h, when it reaches stability (Figure 3 ). The behaviour of the CO 2 Ϫ line amplitude at g ϭ g Ќ of the samples is presented in Figure 3 . The initial spectra were recorded at 30 min after irradiation, and an increase of about 180% of the line at g Ќ ϭ 2.0028 was observed up to signal stabilisation. Samples measured from 15 min after irradiation reached an increase in the amplitude signal higher than 200%. Simultaneously, the measurements exhibited the decreasing of the signals associated with the CO 3 Ϫ species while the CO 2 Ϫ species predominate on the spectrum as shown in Figure 4(a) . This effect can suggest a decomposition of CO 3 Ϫ species into CO 2 Ϫ species. Attempts to evaluate the double integral of the total ESR spectrum is a task made difficult by the non-controlled baseline drift on the spectra of the initial measurements, due to the component at g ϭ 2.0041 of the CO 3 Ϫ species.
In recent reports, Oliveira et al (10, 12) showed the effect of the unstable species on the spectrum of the A-type carbonated apatite. However, studies about the variation of apatite synthesis parameters pointed out changes in some aspects of this effect. In this way, the initial instability of the ESR spectrum imposes severe difficulties on dose evaluation with the A-type carbonated apatite. So irradiated samples were annealed at 60, 80 and 100ºC from 1 to 72 h in order to investigate the behaviour of CO 3 Ϫ and CO 2 Ϫ species with temperature. The results revealed that thermal treatment at 60 and 80ºC did not eliminate the CO 3 Ϫ lines. Figure 4(a,b) shows the ESR spectra of irradiated A-type carbonated apatite after one day stored at room temperature and after annealing at 100ºC for 24 h, respectively. Thermal treatments for 24 or 72 h present the same results. In Figure 4 (b) it can be seen that the annealing removed the unstable species and the ESR spectrum of this synthetic apatite is only associated with axial CO 2 Ϫ species. Other batches (samples 1 and 2) were used for investigating if the dose response of samples annealed at 100ºC is equivalent to the storage process until spectrum stabilisation. In these experiments ( Figure 5 ), irradiated aliquots (50 Gy) remained at room temperature and others were annealed. The first measurements were obtained at 1.5 and 2 h after irradiation, for samples 1 and 2 respectively, with different accumulated scans. Results confirmed the postirradiation effect on storage time, as can be seen in Figure 5(a) . However, the aliquots annealed at 100ºC for 24 h revealed a similar dose response ( Figure 5(b) ), showing that the decomposition of the unstable species can be accelerated without destroying the radicals induced by irradiation. The spectrum instability effect is responsible for an increase of about 200% on the dose response of A-type carbonated apatite. This material is being accurately investigated in the range from 0.2 to 100 Gy.
CONCLUSION
Significant post-irradiation effects have been observed in the ESR spectrum of A-type carbonated apatite stored at room temperature. This effect can be attributed to the contribution of unstable CO 3 Ϫ species, which decay simultaneously with the increase of the CO 2 Ϫ species at about 200 h. However, the stability of the spectrum reached with the storage process can also be obtained by thermal treatment of the samples at 100ºC for 24 h with equivalent dose response. These processes increase the sensitivity of the synthetic apatite by a factor of 3. A reference dosimetry system based on the A-type apatite ESR method depends on the heat treatment of the samples after irradiation. After removing the unstable signals, the ESR spectrum of the A-type carbonated apatite can be attributed only axial CO 2 Ϫ species, opposite to other apatites. The dose response of this material has presented high stability and sensitivity in specific synthesis conditions. The radiation absorption is similar to biological systems and the properties observed in previous studies point to the A-type synthetic apatite as a promising material for ESR dosimetry in the radiotherapy dose range. 
